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The growth of NiO on GaN(00.1) substrates by plasma-assisted molecular beam epitaxy under oxygen rich
conditions was investigated at growth temperatures between100 ◦C and 850 ◦C. Epitaxial growth of NiO(111)
with two rotational domains, with epitaxial relation NiO(11¯0) | | GaN(11.0) and NiO(101¯) | | GaN(11.0), was
observed by X-ray diffraction (XRD) and confirmed by in-situ reflection high-energy electron diffraction as
well as transmission electron microscopy (TEM) and electron backscatter diffraction. With respect to the
high lattice mismatch of 8.1% and a measured low residual tensile layer strain, growth by lattice matching
epitaxy or domain matching epitaxy is discussed. The morphology measured by atomic force microscopy
showed a grainy surface, probably arising from the growth by the columnar rotational domains visible in
TEM micrographs. The domain sizes measured by AFM and TEM increase with the growth temperature,
indicating an increasing surface diffusion length. Growth at 850 ◦C, however, involved local decomposition
of the GaN substrate that lead to an interfacial β-Ga2O3(2¯01) layer and a high NiO surface roughness.
Raman mesurements of the quasi-forbidden one-phonon peak indicate increasing layer quality (decreasing
defect density) with increasing growth temperature.
I. INTRODUCTION
The transparent wide band gap (3.7 eV)1 material
nickel oxide (NiO) crystallizes in the rock salt crystal
structure.2 Stoichiometric NiO is considered insulating,
whereas unintentional p-type conductivity is induced by
Ni vacancies formed under certain growth conditions.2
Intentional Li-doping has been shown to create p-type
conductivity in a controlled way.2,3 NiO is antiferromag-
netic with a Néel temperature of about 525 K,4 below
which the crystal structure is slightly distorted with an-
gles of > 90.1◦ instead of 90◦.5 However, this minor de-
viation from the perfect cubic structure can be neglected
for our study.
Its properties make NiO an interesting material for many
GaN-based applications: Heterojunction p-NiO/n-GaN
diodes6,7 as well as normally-off operating heterojunction
field-effect transistors (HFETs)8 have been investigated,
based on the equivalent work function of NiO and GaN.8
Furthermore, NiO has been used as a stable hydrogen re-
duction catalyst to enhance the efficiency of GaN-based
water splitting9 and protect the GaN from decomposi-
tion during this process. Finally, NiO is a potential an-
tiferromagnetic pinning layer in (GaN-based) spintronic
devices.10.
So far, NiO on GaN has been grown by electron-beam
evaporation,11 RF magnetron sputtering,7 or metal or-
ganic chemical vapor deposition (MOCVD).12 In addi-
tion, growth by MOCVD on AlGaN is reported, reducing
the lattice mismatch from about 8 % to 5 %.13,14 While
plasma-assisted molecular beam epitaxy (PA-MBE) is a
a)Electronic mail: budde@pdi-berlin.de
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well-suited method to grow high-quality oxide layers and
interfaces, this method has not been reported for the
growth of NiO on GaN. We have previously reported on
the PA-MBE of NiO on MgO substrates for a wide range
of growth parameters (temperature, oxygen flux).15
In the present study we investigate the properties of NiO
thin films grown by PA-MBE on GaN(00.1) substrates
as a function of growth temperature. In particular, the
epitaxial relationship between the two materials, the ac-
comodation of the lattice mismatch and the effect of the
growth temperature on layer and interface quality are
analyzed. Different methods were used to measure the
structural properties of the films, allowing one to com-
pare their advantages and disadvantages.
II. EXPERIMENT
NiO was grown by PA-MBE on 2-inch (00.1)-oriented
gallium nitride templates manufactured by “Kyma Tech-
nologies”. The templates consist of a sapphire sub-
strate (α-Al2O3), an AlN buffer and a GaN layer. Sub-
strate heating was improved by sputter-coated Ti on the
rough backside to absorb the radiation from the heat-
ing filament. Five substrate heater temperatures, mea-
sured by a thermocouple between substrate and heat-
ing filament (100 ◦C, 300 ◦C, 500 ◦C, 700 ◦C and 850 ◦C)
were used to investigate their influence on the NiO layer.
Throughout this report the corresponding samples are
named S100, S300, S500, S700, and S850, respectively.
Ni was sublimed from an effusion cell at a temperature
of 1380 ◦C, since staying below the melting point of Ni
(1455 ◦C16) is important to protect the Al2O3 crucible
of the effusion cell from breaking upon re-solidification
of Ni.17 The resulting beam equivalent pressure (BEP),
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2which is proportional to the particle flux, was measured
by a nude filament ion gauge positioned at the substrate
location and then removed before growth. For 1380 ◦C,
a Ni BEP of about 8.5 · 10−9 mbar was measured for all
growth runs. Activated oxygen was provided by pass-
ing 0.5 standard cubic centimeters per minute (sccm) of
O2 through an RF-plasma source run at an RF-power
of 300 W, resulting in an oxygen BEP of 1.5 · 10−6 mbar
and oxygen-rich growth conditions. In our growth study
on MgO we found plasma activated oxygen to yield sig-
nificantly smoother NiO layers than molecular oxygen.15
For growth, the Ni shutter was opened first and the oxy-
gen was introduced after 60s. The total growth time
was 5000 s for all samples. As a comparison one sample
without Ni preflow, named S500*, was grown at 500 ◦C.
During growth, the crystallinity and morphology was as-
sessed in-situ by reflection high-energy electron diffrac-
tion (RHEED).
After growth, different ex-situ methods were used to
investigate the layer properties. X-ray diffraction
(XRD) measurements in a 4-circle lab-diffractometer
using CuKα radiation were conducted to investigate
the epitaxial relationship between substrate and layer
by a combination of symmetric on axis 2θ − ω scans
(out-of-plane orientation) and a skew symmetric off axis
Φ-scan (in-plane relationship). The Laue oscillations vis-
ible in the symmetric on axis 2θ − ω scan around the NiO
peak are used to determine the layer thickness. In ad-
dition, synchrotron-based XRD 2θ − ω scans at grazing-
incidence, measured at the PHARAO facility18 as de-
scribed in Ref. [19], were used to extract the in-plane lat-
tice parameter from the peak position of the NiO(220)
reflection referenced to that of the GaN(11.0) reflection.
The film domain structure and orientation was investi-
gated by electron backscatter diffraction (EBSD) mea-
surements in a scanning electron microscope fitted with
an EDAX-TSL EBSD detector using an acceleration volt-
age of 15 kV. Atomic force microscopy (AFM) in the peak
force tapping mode using a Bruker “Dimension edge” with
the “ScanAsyst” technology was used to analyse the sur-
face morphology and domain size. Cross-sectional trans-
mission electron microscopy (TEM) was used for detailed
investigations of the domain structure of the NiO layers,
the interface to the GaN substrate, and the strain state of
the layers. For this purpose, cross-section samples were
prepared by polishing on diamond lapping films, followed
by Ar ion milling with 4 kV down to 200 V acceleration
voltage to minimize amorphous surface layers. Finally,
quality investigations were performed using the forbidden
one-phonon-Raman peak as we have previously described
for NiO on MgO.15 For this purpose, Raman spectra were
recorded at room temperature in backscattering geome-
try using the 325 nm line of a Cd-He ion laser.
III. RESULTS AND DISCUSSION
A. Epitaxial relation
Fig. 1 (a)) shows the on-axis 2θ − ω scan of sample
S500 (grown at 500◦C) for 2θ between 15◦ and 100◦C.
The presence of a strong NiO(111) peak and the absence
of other NiO peaks for this and all other investigated sam-
ples (shown in Fig. 1 (b)) indicate the NiO out-of-plane
direction to be [111] and the corresponding out-of-plane
epitaxial relation:
NiO [111] | | GaN [00.1] (1)
The other (GaN, AlN and Al2O3) peaks can be assigned
to the template structure of the substrate.
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Figure 1. a) Symmetric on-axis XRD 2θ − ω scan of S500
showing the NiO(111) and NiO(222) peak, as well as the sub-
strate peaks (GaN, AlN and Al2O3 due to the template struc-
ture of the used substrate). b) Corresponding 2θ − ω scans for
all samples in the 2θ range from 36.5◦ to 39.5◦. (The NiO bulk
position is calculated from the NiO(200) peak measured on a
bulk NiO foil.)15
Distinct Laue oscillations are visible, which suggest a suf-
ficiently smooth interface and surface for all samples.
However, for S850, a strong reduction of the oscilla-
tions indicates a rougher interface at this growth tem-
perature. Compared to the (111) reflex of bulk NiO
(abulk
NiO,
= 0.4176 nm), the NiO(111) peak of the S100
sample is shifted to lower angles, which indicates tensile
strain with a lattice constant around 0.419 nm. Com-
pressive out-of-plane strain is expected due to the Pois-
son effect and the higher lattice constant of the sub-
strate surface lattice. The higher lattice constant for
S100 could arise for example from defects or the low
grain size (see below). The peaks of the samples grown
3at higher temperatures are shifted to higher angles, in-
dicative of compressive strain with an out-of-plane lat-
tice constant down to 0.416 nm. The in-plane epitaxial
relationship of the GaN/NiO samples was determined by
Φ-scans of the two skew symmetric reflections GaN(10.1)
and NiO(002). The result for S500, representing all sam-
ples, is shown in Fig. 2. The GaN(10.1) reflection shows a
sixfold rotational symmetry as expected from the hexago-
nal wurtzite-structure. However, the NiO(002) peak also
shows a sixfold rotational symmetry despite the expected
threefold one of the (111)-oriented rock salt structure.20
This observation indicates an epitaxial growth with the
formation of two domains rotated by 60◦ with respect to
each other. Similar intensities of the two domains indi-
cate a homogeneous distribution of both.
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Figure 2. XRD Φ-scan for S500 of tilted lattice planes as
indicated in the legend.
As the peaks of layer and substrate are at the same Φ an-
gles, the following in-plane epitaxial relationship of both
NiO domains, with respect to the GaN substrate, can be
defined:
NiO(110) | | GaN(11.0) (2)
for domain 1 and
NiO(101) | | GaN(11.0) (3)
for domain 2.
In fact, the two domains could already be identified
during growth by the spotty RHEED patterns arising
from simultaneous transmission diffraction of the elec-
tron beam through the asperities of multiple domains.
The superposition of the diffraction spots of the two do-
mains, taken along the GaN(11.0) azimutal direction, are
shown in Fig. 3. Blue and green circles mark the ex-
pected diffraction spots of the different domains as deter-
mined by simulation of electron transmission diffraction
for the two domain orientations determined by the XRD
measurements. Their coincidence with the experimental
spots in the RHEED image confirms that RHEED can be
used as an in-situ tool to determine domain orientations.
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Figure 3. RHEED image of a GaN/NiO sample. The domains
for the different diffraction spots are defined using the diffrac-
tion pattern simulation of "Web-EMAPS".21 The patterns
also indicate a two domain growth of NiO and are marked by
green and blue circles.
A schematic cross section illustrating the two domains
of NiO on GaN can be seen in Fig. 4. For the dia-
gram a N-terminated GaN surface was assumed, since
the NiO layer should start with Ni due to the oxygen
free start of our growth process. This growth of two
rotational domains is expected as a result of the dif-
ferent rotational symmetries of substrate (sixfold) and
layer (threefold),20,22 and has also been observed for
the growth of MgO(111) and In2O3(111) on GaN(00.1)
by Craft et al.23 and Tsai et al.,24, for MgO(111)
on ZnO(00.1) by Saitoh et al.25 or for NiO(111) on
Al2O3(00.1) by Lee et al.26
[121]NiO ||  [11.0]GaN
[111]NiO ||  [00.1]GaN
[112]NiO ||  [11.0]GaN
domain boundary
Ni
N
Ga
O
Figure 4. Diagram of the growth of NiO on GaN by two
domains. The resulting domain boundary is marked. The
atoms are marked by colors where O is red, Ni is grey, N is
blue and gallium is green.
The theoretical in-plane mismatch between NiO and GaN
can be derived from the basis vectors aNi = 2.95 A˚ and
aN = 3.19 A˚ of the NiO and GaN surface unit cells. Thus,
the in-plane strain for lattice matching epitaxy (LME)
4calculated by:27
LME =
asubstrate
alayer
− 1 (4)
would result in a tensile strain of +8.1 %, which is in
the critical range (7-8 %) for LME.27 LME describes a
one-to-one matching of lattices in pseudomorphic growth.
At a critical thickness, dislocations formed at the growth
surface can glide to the interface to relax the layer. For
a higher mismatch (>7-8%), the growth mechanism “do-
main matching epitaxy” (DME) has been proposed by
Narayan and Larson,27 which describes the growth by
coinciding super cells (SC) of the surface unit cells of
film and substrate. SCs are created by multiplying the
surface unit cell (SUC) to create a better matching. For
DME the residual strain is calculated by:27
DME =
n · |asubstrate |
m · alayer − 1 (5)
Here, m is the number of Ni SUCs, which are needed for
the SC, and n is the number of needed N SUCs. (For
a similar format as Eq. 4, Eq. 5 was slightly changed
compared to Ref. [27].) The lowest residual tensile strain
between NiO and GaN can be achieved for m=14 and
n=13, leading to a strain of 0.41%. Thus, a super cell is
approximately 4 nm large and can be described by:
aSC,N = 13 · aN aSC,Ni = 14 · aNi
bSC,N = 13 · bN bSC,Ni = 14 · bNi
Here, aSC and bSC are the vectors of the created SC. An
in-plane schematic of the created SC (m=14, n=13) is
shown in Fig. 5 (green). The same SC can be created by
a 60◦ rotated Ni SUC, which only leads to a small dif-
ference in the definition of the SC but creates the same
misfit of 0.41% (red). The advantage of DME growth is
that the misfit dislocation network is established so early
in the growth that no threading arms are generated in
the layer above. Layers grown by LME, in contrast, typ-
ically possess threading arms of the disclocation halfloops
needed for establishing misfit dislocation segments at the
interface.27
Transmission electron microscopy
Cross-sectional TEM of S100, S700, and S850 is used
to investigate the possible creation of interfacial oxides,
the grain sizes and the epitaxial relationship between
substrates and layers. Mainly, columnar grains with
NiO
〈
11¯0
〉 ‖ GaN [11.0] are found for all growth temper-
atures, confirming the orientations observed in XRD (see
Eq. 2 and Eq. 3) and RHEED. The existence of the two
different domains is confirmed by the observation of mir-
rored [002] directions for the grains illustrated by ar-
rows in Fig. 6. Occasionally, also NiO
〈
112¯
〉 ‖ GaN [11.0]
grains can be seen in the TEM images. This orientation
aNi
bNi
aN
bN
Figure 5. In-plane schematic of the two possible super cells to
achieve a misfit strain of only 0.41% between GaN and NiO
by domain matching epitaxy. Ni atoms are marked in grey
and the N atoms in blue. The same colouring is used for the
SUCs.
GaN[11.0
]
[110]
NiO
⟨002⟩ ⟨002⟩
[110]
Figure 6. Cross-sectional TEM image of S700 showing the
two rotational NiO 〈110〉 ‖ GaN [11.0] domains. The different
rotations are indicated by the different 〈002〉 directions. A red
dashed line indicates the interface between GaN and NiO.
is still consistent with NiO(111) growth and a rotation
angle of 30◦ with respect to the other grains. The ab-
sence of any NiO(002) reflections between the substrate
reflections in the Φ-scan (cf. Fig. 2), however, suggests
only a minor fraction of those 30◦ rotated NiO grains.
Electron backscatter diffraction
Alternatively, EBSD measurements confirm the (111)
out-of-plane direction of the NiO film and the presence
of twin domains rotated by 60◦. The probing depth of
EBSD is ≈20 nm, and, for thinner films, the GaN Kikuchi
pattern is superimposed on the NiO pattern. Therefore,
we chose the thickest NiO layer S300 (dXRD= 20.9 nm)
for the EBSD investigation (cf. Tab. II). Examples of
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Figure 7. Kikuchi patterns for the two twin orientations of
cubic NiO found in the layers accompanied by a wireframe
representation of the indexed orientation. On top of the pat-
terns, the bands used during the indexing are highlighted by
colored lines, where each color corresponds to one reflector
(strongly reflecting plane). Additionally, major zone axis di-
rections (intersection points of bands) are labeled. Note that
both patterns also contain some weaker bands that correspond
to the other twin direction as highlighted by the black dashed
lines.
Kikuchi patterns recorded for the two twin orientations
are given in Fig. S1. The Kikuchi bands used to index
the pattern are marked by coloured lines. As expected
for crystal twins, both patterns share several of the main
bands, but also contain distinctive bands indicative of
the respective in-plane orientation. Nevertheless, each of
the patterns also contains weak bands from the opposite
direction as highlighted by the dashed lines in Fig. S1. In
fact, the domain size derived from the transmission elec-
tron micrographs (see Tab. II) between 10 and 25 nm,
depending on the growth temperature, is on the order of
the lateral resolution of the EBSD measurements, which
explains the overlapping of Kikuchi patterns. A further
consequence of this small grain size is that maps of the in-
plane orientation obtained from an automatic indexing of
the Kikuchi patterns recorded when stepping the electron
beam over the sample surface lead to a misrepresentation
of the domain size as discussed in the supplementary ma-
terial.
B. Strain
The in-plane lattice parameter of the NiO films in S100–
S700, measured by grazing incidence XRD at room tem-
perature, was used to calculate the in-plane strain ε | |(RT)
in these films. The results are shown in Tab. I. Be-
sides the in-plane strain at growth temperature ε | |(Tg),
the calculated strain also includes the thermal strain εT
arising during cooldown to room temperature after sam-
ple growth as a result of the different thermal expan-
sion of GaN and NiO (ε | |(RT) = ε | |(Tg) + εT). Ther-
mal strain can be estimated from the thermal expan-
sion coefficients for the two materials over the temper-
ature range, resulting in αNiO =7.93·10−6 1K for NiO28
and αGaN =5.59·10−6 1K for GaN.29 The thermal strain
depends on the temperature difference (4T) between
Table I. Temperature difference (4T), calculated thermal (εT)
and measured in-plane (ε‖) strain for NiO grown on GaN for
all growth temperatures.
Tg
[◦C]
ε | |(RT)
[%]
4T
[K]
εT
[%]
ε | |(Tg)
[%]
100 0.06 -75 0.02 0.04
300 0.59 -275 0.06 0.53
500 0.42 -475 0.11 0.31
700 0.47 -675 0.16 0.31
growth temperature and room temperature:
εT = (αGaN − αNiO) · 4T (6)
The resulting values for 4T and εT can be found in Tab. I.
Sample S850 was excluded from strain evalutation, since
the decomposition of the GaN substrate and the interfa-
cial oxide (see section III E) prevents a meaningful com-
parison with the other samples. Samples grown between
300 ◦C and 700 ◦C show a similar strain ε | |(Tg) for their
growth temperature. The values are comparable with
the residual strain by DME growth of 0.41 %. However,
since relaxation is a gradual process, which can lead to
small residual strain even for thicknesses above the crit-
ical thickness, LME can not be excluded. S100 shows
a much lower in-plane strain, indicating an almost re-
laxed layer. This could be created by a change in the re-
laxed lattice constant of the layer due to the higher defect
density, as it was already mentioned for the out-of-plane
strain (see section IIIA) and will be further discussed
within the Raman results.
From HRTEM images, the strain can be estimated by
the geometric phase analysis.30 In particular, disloca-
tions have a characteristic strong and localized bright-
dark contrast at their cores originating from the change
from high compressive to high tensile strain. Taking a
look at the strain map of S700 by TEM, a clear mis-
fit dislocation network can be seen at the interface (see
Fig. 8), indicating an almost relaxed NiO layer which
appears darker due to the narrower spacing of the NiO
lattice compared to GaN used as reference. The sam-
ple S100 shows the same network (see Fig. S2). In the
GaN [11¯.0] projection, every 13th GaN(11.0) plane an
additional NiO(110) plane is expected in relaxed NiO.
Therefore, about every 2 nm, a dislocation contrast in the
geometric phase analysis of the HRTEM pattern occurs.
While the GaN(11¯.0) planes are parallel to the NiO(110)
planes, there is no low index lattice plane in the NiO
layer parallel to the GaN(11.0) planes. Instead, one can
see a continuation of GaN{11¯.1} planes by NiO{111} and
NiO{002} planes with an inclination of around 6.5◦ for
relaxed NiO(111) on GaN(00.1). In this case, NiO will
have an additional (111) plane compared to the number
of GaN{11¯.1} planes around every 3 nm, when viewed
in the GaN[11.0] direction, respectively for the NiO(002)
6Figure 8. Strain map of S700 derived from an HRTEM im-
age in the GaN[11¯.0] and GaN[11.0] projection is shown, as
well as the corresponding HRTEM image from the GaN[11.0]
projection. Misfit disclocations are visible every 2 or 3 nm
(red arrows), for the GaN[11¯.0] and GaN[11.0], respectively,
as expected for a relaxed NiO layer. A similar map can be
found for S100 in the GaN[11.0] direction (see Fig. S2).
plane. Again, the strain analysis shows dislocation con-
trasts with this spacing at the interface. One should men-
tion that for such narrowspaced misfit dislocation net-
works the characterization of the dislocation types is am-
bigiuous in wurtzite materials.31,32 Especially with dislo-
cations running transversely to the projection direction
causing a distortion of the high resolution pattern at the
interface, which hinders a direct interpretation of the pat-
tern in our case. However, the dislocation network can
either occur due to relaxation above the critical thickness
or as a result of the growth by DME. The small domain
sizes make it impossible to differentiate between the two
modes by analysing the threading dislocation density.
C. Surface morphology
AFM images of all samples and a clean GaN substrate
as reference are shown in Fig. 9. The AFM images of the
NiO layers show a morphology defined by islands. Their
lateral size (SAFM), evaluated with the program ’Gwyd-
dion’ by taking the average lateral size of ten islands, can
be found in Tab. II together with the layer thicknesses
measured by XRD (dXRD). In addition, the root-mean-
square roughness (RRMS), determined for 0.4×0.4µm2
images, is given. The film roughness of ≈ 1nm for S100–
S700 is larger than that of the GaN substrate (≈0.3 nm).
A clear difference in the topology can be seen for S850,
showing drastically enlarged islands.
h
0
S700
S100
S500*
h=8nm
h=8nm
h=9nm
h=2nm
a) GaN b)
d)
e)
c) S300
h=8nm
S500
Figure 9. AFM images of the GaN template, and the NiO
layers grown at different temperatures. The main difference is
the lateral island size. For S100–S500 the islands are smaller
compared to those of S700. A drastic increase is found for
S850.
Film thickness and island size were also extracted from
cross-sectional TEM images as shown in Tab. II. The
TEM image of S700 (see Fig. 6) clearly shows a colum-
nar domain growth of the layer, correlating the formation
of islands with the formation of the two rotational do-
mains. The thicknes dTEM is about 2.5 nm thicker than
the thickness dXRD calculated from the Laue oscillation
seen in the 2θ − ω scans (see Fig. 1). However, dXRD de-
pends strongly on the crystal quality and includes planes
with similar distances, which often leads to an underes-
timation of the thickness (e.g. strained interface region).
The thickness of S850 could not be measured by XRD as
a result of the reduced oscillation intensity. The TEM
images show a variation of the thickness by ±2 nm over
the sample, due to roughness of surface and interface.
The domain sizes measured by TEM are much smaller
than the islands measured by AFM, likely related to the
convolution with the tip shape and morphology. There-
fore, the AFM can not resolve all trenches between do-
mains which leads to the apparent larger island size than
domain size. However, AFM (surface islands) and TEM
(domains) measurements, show a similar trend for both
methods, i.e. an increase of the domain/island size with
increasing growth temperature. The sample S850 has the
biggest domains (cf. Tab. II). The increasing domain
size indicates a higher adatom surface diffusion length
7Table II. Calculated layer thicknesses from oscillation fringes
in XRD on-axis 2θ − ω scans (dXRD), average island sizes
(SAFM) and roughness (RRMS) measured from AFM im-
ages. Results for NiO layer thickness (dTEM) and island size
(STEM) from TEM images in comparison for all growth tem-
peratures. In addition, full width at half maximum (4ω) from
a Gaussian fit for all temperatures measured at the NiO(111)
XRD peak.
Tg
[◦C]
dXRD
[nm]
dTEM
[nm]
SAFM
[nm]
STEM
[nm]
RRMS
[nm] 4ω [
◦]
100 17.0 19.5 35 10-20 0.35 0.153
300 20.9 30 0.93 0.165
500 17.2 35 1.30 0.166
500* 25.2 25.0 50 10-30 2.02 0.152
700 17.4 20.0 45 20-25 1.11 0.163
850 15.0 165 ∼120 2.38 0.722
consistent with a higher growth temperature, as it was
also observed for the growth on MgO(100).15
D. Raman quality metrics
Figure 10 displays room temperature Raman spectra of
all NiO layers excited at 3.81 eV, nearly resonant with
the bandgap of NiO. The spectra exhibit peaks due to
first-order (580 cm−1) and second-order (730, 900, and
1130 cm−1) scattering by optical phonons in NiO. Super-
imposed on these spectral features, the E2 (high) and A1
(LO) Raman peaks of the GaN substrate are detected at
570 and 735 cm−1, respectively.33 Since first-order Raman
scattering by optical phonons is forbidden for the the rock
salt structure, the ratio between the intensities of the
first-order peak at 580 cm−1 (1P) and the second-order
peak at 1130 cm−1 (2P) from NiO has been established
as a quality metrics (Q) for NiO films on MgO(100):15
Q =
I1P
I2P
(7)
A perfect crystal is characterized by a quality index (Q)
of zero, since I1P = 0. The value of Q increases with
the density of crystal defects. In the case of NiO, a po-
tentially desired defect could be Ni vacancies to induce
p-type conductivity.34 Since our layers are always insu-
lating as shown on MgO,15 the increase in the 1P peak
cannot be solely related to Ni vacancies.
Applying this metrics to the NiO layers grown on GaN,
we find a reduction of Q with increasing growth temper-
ature (cf. inset in Fig. 10) indicating a decrease in the
density of crystal defects. This trend is consistent with
an increasing domain size, meaning a reduction of grain
boundaries (see TEM images), and an increased adatom
surface diffusion length with the increasing growth tem-
perature. The quality is further increased by a reduction
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Figure 10. Raman spectra of all NiO layers excited at 3.81
eV. A featureless background (high-energy tail of the near
bandgap photoluminescence from the GaN substrate) has
been subtracted (see example in inset (b)). The quality index
Q as a function of the growth temperature is shown in inset
(a).
of crystal defects and the formation of a thermodynam-
ically stable structure using a higher growth tempera-
ture. Although the domain size of S850 is relatively
large, its quality index is almost the same as that of
S700. Probably, the quality of S850 is reduced by the
interfacial oxide grown under those conditions (see sec-
tion III E). This influence can be seen in the FWHM
measured by a rocking curve of the NiO(111) peak. S100
- S700 show values around 0.16◦, S850 however, shows a
4ω of 0.72◦. The results and different trends from the
two methods show again, the higher sensitivity of Raman
on the crystal imperfection of a thin layer. As already
observed in Ref. [15], XRD (4ω) is mainly influenced by
the interface structure. Compared to the Q of NiO on
MgO(100) (<0.2) and FWHM (0.05◦-0.07◦) grown un-
der the same conditions, the values are higher for NiO
on GaN, which is likely related to the formation of rota-
tional domain grain boundaries on the hexagonal GaN.
In the case of the cubic MgO(100) substrate, no domains
have been observed.15 Nevertheless, a high temperature
is again beneficial for the growth of a high quality layer.
E. Interfacial oxide and Ni preflow
During oxide growth, unintentional oxidation of the
substrate can lead to an additional interfacial oxide layer
at the substrate surface. For example, Tsai et al. have
suggested the formation of an insulating Ga2O3 layer
during PAMBE of Sb-doped SnO2 at increased growth
temperature as cause for the drastically increased contact
resistance to the underlying GaN-based LED structure.24
As explained in the experimental section of our study, a
layer of Ni was grown in the first minute without oxygen
to avoid this problem. The XRD measurements of S100–
8S700 (cf. Fig. 1) did not show any signature of Ga2O3 nor
did the TEM images show an interfacial oxide layer. At
the highest investigated growth temperature, 850 ◦C for
S850, however, the 2θ − ω scan (see Fig. 11) shows ad-
ditional features around 58.38◦ and 82.52◦. These can
be assigned to the (6¯03) and (8¯04) reflections of the
(201)-oriented β-Ga2O3 – the same orientation that has
been observed for intentionally grown β-Ga2O3 films on
GaN(00.1) by Nakagomi et al.35 The (2¯01) and (4¯02)
peaks are not visible in our scan. However, the (4¯02)
could be hidden under the NiO(111) shoulder. (An addi-
tional reflection around 51.67◦ in S850 could be related
to (601) oriented β−Ga2O3.) TEM images confirm the
formation of a ≈ 10 nm-thick, inhomogeneous, interfacial
Ga2O3 layer in S850 as shown in Fig. 12. Furthermore,
the TEM image shows a local decomposition of the GaN
substrate, responsible for a rough GaN and NiO surface.
A reference growth of NiO at 500 ◦C without initial
Ni deposition (S500*), did not show interfacial Ga2O3 in
the HRTEM image (see Fig. S2), either. These results
suggest the formation of an interfacial Ga2O3-layer to be
caused by the decomposition of GaN as a result of ele-
vated growth temperature (and subsequent oxidation of
the free Ga) rather than the pure presence of oxygen.
Fernández-Garrido et al. have shown a GaN decomposi-
tion in vacuum to start at surface temperatures of about
700 ◦C,36 which would mean lower growth temperatures
of the NiO layer can prevent the formation of interfacial
Ga2O3. Regarding the layer quality, Raman results (cf.
Fig. 10), as well as the FWHM (cf. 4ω in Tab. II) show
similar values compared to S500. The values even indi-
cate a slight enhancement of the quality without a Ni
preflow. Especially the FWHM, shows the lowest value
of 0.152 comparable to the one of S100. On the other
hand, an increase of the roughness and islands size is
observed. In summary, besides increased layer roughness
neither reduction of the quality nor formation of a Ga2O3
interlayer was found for S500*. Since a Ni preflow is not
needed to avoid the oxidation of the GaN substrate and
can even lead to surface traps in it,37 we do not recom-
mend a Ni preflow as it was used in this study for most
samples.
IV. SUMMARY AND CONCLUSIONS
NiO growth by PA-MBE on GaN(00.1) was studied
at growth temperatures ranging from 100 ◦C to 850 ◦C.
XRD measurements of the films showed the formation
of epitaxial NiO(111) for all growth temperatures. As
expected for the growth of layers with threefold ro-
tational symmetry on a sixfold rotationally symmet-
ric substrate, two types of columnar, 10–25 nm-wide
rotational domains, rotated by 60◦ with respect to-
wards each other were identified by XRD, RHEED,
TEM, and EBSD. The resulting out-of-plane and in-
plane epitaxial relations of cubic NiO on wurtzite GaN
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Figure 11. The XRD on-axis 2θ − ω scan of S850 showing
additional weak peaks fitting to β −Ga2O3. The AlN buffer
peaks are missing for this charge of GaN wafers.
Ga2O3
Figure 12. Cross-sectional TEM images of the S850. The
bright contrast shows the Ga2O3 interlayer between substrate
and NiO is visible. In addition, the different thicknesses of
the interlayer (blue ellipse) shows the decomposition of the
substrate.
are: NiO(111) | | GaN(00.1) and NiO(110) | | GaN(11.0)
(for domain 1) or NiO(101) | | GaN(11.0) (for domain
2). In contrast, on the isostructural cubic MgO(100)
substrate, NiO(100) grows without rotational domains,
demonstrating the importance of symmetry for epitaxial
growth. The layers on GaN are nearly relaxed with an
in-plane tensile strain below 1%. TEM confirms layer
relaxation at the interface by the formation of closely-
spaced a dislocation network. Even though the mismatch
between NiO and GaN is 8.1%, a growth by domain-
matching-epitaxy can neither be proven nor excluded as
the relative small domain sizes hinders an analysis of the
threading dislocation densities. A clear formation of in-
terfacial Ga2O3 was found at the highest growth temper-
ature of 850 ◦C whereas no Ga2O3 was detected at growth
temperatures of 700 ◦C and below, suggesting thermal de-
composition of the GaN substrate as the cause of inter-
facial Ga2O3 formation rather than the sole exposure of
9the GaN to oxygen plasma. AFM measurements showed
a 3D dominated surface with islands increasing in size
with increasing growth temperature. The film grown at
850 ◦C was significantly rougher than all other films as a
result of the inhomogeneous interfacial oxidation of the
GaN.
For quality evaluation the area ratio between the
forbidden one-phonon Raman peak and the allowed
two-phonon Raman peak was used, indicating the lowest
concentration of parity-breaking defects for S700. Com-
pared to our results for NiO grown on isostructural cu-
bic (and almost lattice matched) MgO(100), the qual-
ity is drastically reduced, likely due to the domains and
related domain boundaries. A frequently used indica-
tor of dislocations is the XRD ω-rocking curve of the
film peak, which is typically wider for a larger concentra-
tion of dislocations due to the increased tilt mosaic they
cause.38 All investigated films have very similar rocking
curve widths with the narrowest ones exhibited by S100
and S500*.
Fernández-Garrido et al.36 identified 700 ◦C as the criti-
cal temperature for GaN desorption, giving it as an upper
limit for high quality layers on this substrate. This situ-
ation is similar, to the growth on MgO, where the onset
of magnesium diffusion from the substrate into the NiO
film defined an upper limit of the growth temperature.15
A lower limit was not found on both substrates, show-
ing epitaxial NiO layers even down to 20 ◦C for the in-
vestigations on MgO. In addition, on GaN the lowest
roughness and XRD ω-rocking curve widths was mea-
sured for 100 ◦C, which could be beneficial for devices
at the expense of lower grain sizes and higher density of
parity-breaking defects.
SUPPLEMENTARY MATERIAL
See supplementary material for a detailed discussion
about the analysis of the EBSD pattern and for TEM
images from S100 and S500*.
ACKNOWLEDGMENTS
We would like to thank H.-P. Schönherr for MBE sup-
port, O. Brandt and V. Kaganer for helpful discussions.
This work was performed in the framework of GraFOx, a
Leibniz ScienceCampus partially funded by the Leibniz
Association. P.F, J.F., and M.B. gratefully acknowledge
financial support by the Leibniz Association. Provid-
ing beamtime at the PHARAO endstation of BESSYII
(Helmholtz-Zentrum Berlin) is appreciated.
REFERENCES
1H. Ohta, M. Kamiya, T. Kamiya, M. Hirano, and H. Hosono. UV-
detector based on pn-heterojunction diode composed of transpar-
ent oxide semiconductors, p-NiO/n-ZnO. Thin Solid Films, 445,
2003. doi:10.1016/S0040-6090(03)01178-7.
2K. V. Rao and A. Smakula. Dielectric properties of cobalt oxide,
nickel oxide, and their mixed crystals. J. Appl. Phys., 36(6):2031,
1965. doi:10.1063/1.1714397.
3J.-Y. Zhang, W. Li, R. L. Z. Hoye, J. MacManus-Driscoll,
M. Budde, O. Bierwagen, L. Wang, Y. Du, M. Wahila, L. F. J.
Piper, T.-L. Lee, H. Edwards, V. R. Dhanak, and H. Zhang.
Electronic and transport properties of Li-doped NiO epitax-
ial thin films. J. Mater. Chem. C, 6:2275–2282, 2018. doi:
10.1039/C7TC05331B.
4T. M. Schuler, D. L. Ederer, and S. Itza-Oritz. Character of
the insulating state in NiO: A mixture of charge-transfer and
Mott-hubbard character. Phys. Rev. B, 71(115113):1, 2005. doi:
10.1103/PhysRevB.71.115113.
5S. Massidda, M. Posternak, A. Baldereschi, and R. Resta. Non-
cubic behavior of antiferromagnetic transition-metal monoxides
with the rocksalt structure. Phys. Rev. Lett., 82(2):430, 1999.
doi:10.1103/PhysRevLett.82.430.
6L. Li, X. Wang, Y. Liu, and J.-P. Ao. NiO/GaN heterojunction
diode deposited through magnetron reactive sputtering. J. Vac.
Sci. Technol., A, 34(2):02D104, 2016. doi:10.1116/1.4937737.
7H. Wang, Y. Zhao, C. Wu, G. Wu, B. Zhang, and G. Du.
Electrically pumped ultraviolet random lasing action from p-
NiO/n-GaN heterojunction. Optik, 126(20):2260, 2015. doi:
10.1016/j.ijleo.2015.05.121.
8A. Suzuki, S. Choe, Y. Yamada, N. Otsuka, and D. Ueda.
NiO gate GaN-based enhancement-mode hetrojunction field-
effect transistor with extremely low on-resistance using metal or-
ganic chemical vapor deposition regrown Ge-doped layer. Jpn. J.
Appl. Phys., 55(12):121001, 2016. doi:10.7567/JJAP.55.121001.
9S. H. Kim, M. Ebaid, J.-H. Kang, and S.-W. Ryu. Improved
efficiency and stability of GaN photoanode in photoelectrochem-
ical water splitting by NiO cocatalyst. Appl. Surf. Sci., 305:638,
2014. doi:10.1016/j.apsusc.2014.03.151.
10M. Becker, A. Polity, and P. J. Klar. NiO films on sapphire
as potential antiferromagnetic pinning layers. Journal of Ap-
plied Physics, 122(17):175303, 2017. doi:10.1063/1.4991601. URL
https://doi.org/10.1063/1.4991601.
11V. R. Reddy, P. R. S. Reddy, I. N. Reddy, and C.-J. Choi.
Microstructural, electrical and carrier transport properties of
Au/NiO/n-GaN heterojunction with a nickel oxide interlayer.
RSC Adv., 6(107):105761, 2016. doi:10.1039/c6ra23476c.
12R. Lo Nigro, G. Fisichella, S. Battiato, G. Greco, P. Fiorenza,
F. Roccaforte, and G. Malandrino. An insight into the epitax-
ial nanostructures of NiO and CeO2 thin film dielectrics for Al-
GaN/GaN heterostructures. Mater. Chem. Phys., 162:461, 2015.
doi:10.1016/j.matchemphys.2015.06.015.
13R. Lo Nigro, S. Battiato, G. Greco, P. Fiorenza, F. Roccaforte,
and G. Malandrino. Metal organic chemical vapor deposition of
nickel oxide thin films for wide band gap device technology. Thin
Solid Films, 2014. doi:10.1016/j.tsf.2014.04.012.
14F. Roccaforte, G. Greco, P. Fiorenza, V. Raineri, and and R.
Lo Nigro G. Malandrino. Epitaxial nio gate dielectric on Al-
GaN/GaN heterostructure. Appl. Phys. Lett., 100:063511, 2012.
doi:10.1063/1.3684625.
15M. Budde, C. Tschammer, P. Franz, J. Feldl, M. Ramsteiner,
R. Goldhahn, M. Feneberg, N. Barsan, A. Oprea, and O. Bier-
wagen. Structural, optical, and electrical properties of unin-
tentionally doped NiO layers grown on MgO by plasma-assisted
molecular beam epitaxy. J. Appl. Phys., 123(19):195301, 2018.
doi:10.1063/1.5026738.
16D. R. Lide, editor. Handbook of Chemistry and Physics. CRC
Press, 2004.
17Jeremy West Mares. Epitaxial growth, characterization and ap-
plication of novel wide bandgap oxide semiconductors. phdthesis,
University of Central Florida, 2010.
18B. Jenichen, W. Braun, V. M. Kaganer, A. G. Shtuken-
berg, L. Däweritz, C.-G. Schulz, K. H. Ploog, and A. Erko.
Combined molecular beam epitaxy and diffractometer sys-
10
tem for in situ X-ray studies of crystal growth. Re-
view of Scientific Instruments, 74(3):1267–1273, 2003. doi:
http://dx.doi.org/10.1063/1.1535237. URL http://scitation.
aip.org/content/aip/journal/rsi/74/3/10.1063/1.1535237.
19Z. Cheng, M. Hanke, P. Vogt, O. Bierwagen, and A. Tram-
pert. Phase formation and strain relaxation of Ga2O3 on c-
plane and a-plane sapphire substrates as studied by synchrotron-
based X-ray diffraction. Applied Physics Letters, 111(16):162104,
2017. doi:10.1063/1.4998804. URL http://dx.doi.org/10.
1063/1.4998804.
20M. Grundmann, T. Böntgen, and M. Lorenz. Occurrence of rota-
tion domains in heteroepitaxy. Phys. Rev. Lett., 105(14):146102,
2010. doi:10.1103/PhysRevLett.105.146102.
21J.M. Zuo and J.C. Mabon. Web-based electron microscopy ap-
plication software: Web-EMAPS. Microsc. Microanal., 10:1000,
2004. doi:10.1017/S1431927604884319.
22M. Grundmann. Formation of epitaxial domains: Unified theory
and survey of experimental results. Phys. Status Solidi B, 248
(4):805, 2011. doi:https://doi.org/10.1002/pssb.201046530.
23H. S. Craft, J. F. Ihlefeld, M. D. Losego, R. Collazo, Z. Sitar,
and J-P. Maria. MgO epitaxy on GaN (0002) surfaces by molec-
ular beam epitaxy. Appl. Phys. Lett., 88(21):212906, 2006. doi:
10.1063/1.2201041.
24Min-Ying Tsai, Oliver Bierwagen, and James S. Speck. Epi-
taxial Sb-doped SnO2 and Sn-doped In2O3 transparent con-
ducting oxide contacts on GaN-based light emitting diodes.
Thin Solid Films, 605:186, 2015. ISSN 0040-6090. doi:
http://dx.doi.org/10.1016/j.tsf.2015.09.022. URL http://www.
sciencedirect.com/science/article/pii/S0040609015009001.
25H. Saitoh, Y. Okada, and S. Oshio. Synthesis of MgO/ZnO
hetero-epitaxial whiskers using chemical vapor deposition oper-
ated under atmospheric pressure. J. Mater. Sci., 37(21):4597,
2002. doi:10.1023/A:102069621541110.1023/A:1020696215411.
26J. H. Lee, Y. H. Kwon, B. H. Kong, J. Y. Lee, and H. K. Cho.
Biepitaxial growth of high-quality semiconducting NiO thin films
on (0001) Al2O3: Substrates: Microstructural characterization
and electrical properties. Cryst. Growth Des., 12(5):2495, 2012.
doi:10.1021/cg3001174.
27J. Narayan and B. C. Larson. Domain epitaxy: A unified
paradigm for thin film growth. J. Appl. Phys., 93(1):278, 2003.
doi:10.1063/1.1528301.
28L. C. Bartel and B. Morosin. Exchange striction in NiO. Phys.
Rev. B, 3(3):1039, 1971. doi:0.1103/PhysRevB.3.1039.
29H. P. Maruska and J. J. Tietjen. The preparation and properties
of vapor-deposited single-cryralline GaN. Appl. Phys. Lett., 15
(10):327, 1969. doi:10.1063/1.1652845.
30M. J. Hÿtch, E. Snoeck, and R. Kilaas. Quantitative measure-
ment of displacement and strain fields from HREM micrographs
micrographs. Ultramicroscopy, 74:131, 1998. doi:10.1016/S0304-
3991(98)00035-7.
31Lixin Zhang, W.E. McMahon, Y. Liu, Y. Cai, M.H. Xie,
N. Wang, and S.B. Zhang. Triple-period partial misfit
dislocations at the InN/GaN(0001) interface: A new dis-
location core structure for III-N materials. Surface Sci-
ence, 606(21):1728 – 1738, 2012. ISSN 0039-6028. doi:
https://doi.org/10.1016/j.susc.2012.07.018. URL http://www.
sciencedirect.com/science/article/pii/S0039602812002579.
32J. Kioseoglou, E. Kalesaki, G.P. Dimitrakopulos, Th. Kehagias,
Ph. Komninou, and Th. Karakostas. Atomistic modeling and
HRTEM analysis of misfit dislocations in InN/GaN heterostruc-
tures. Applied Surface Science, 260:23 – 28, 2012. ISSN
0169-4332. doi:https://doi.org/10.1016/j.apsusc.2011.12.122.
URL http://www.sciencedirect.com/science/article/pii/
S0169433212000062. EMRS 2011 Fall meeting symposium on
Stress, structure and stoichiometry effects on nanomaterials.
33H. Harima. Properties of gan and related compounds studied by
means of raman scattering. J. Phys.: Condens. Matter, 14:R967,
2002. doi:https://doi.org/10.1088/0953-8984/14/38/201.
34R. E. Dietz, G. I. Parisot, and A. E. Meixner. Infrared absorption
and raman scattering by two-magnon processes in NiO. Phys.
Rev. B, 4(7):2302, 1971. doi:10.1103/PhysRevB.4.2302.
35Shinji Nakagomi, Taka-aki Sato, Yusuke Takahashi, and Yoshi-
hiro Kokubun. Deep ultraviolet photodiodes based on the
β-Ga2O3/GaN heterojunction. Sensors and Actuators A:
Physical, 232:208 – 213, 2015. ISSN 0924-4247. doi:
http://dx.doi.org/10.1016/j.sna.2015.06.011. URL http://www.
sciencedirect.com/science/article/pii/S0924424715300327.
36S. Fernández-Garrido, G. Koblmüller, E. Calleja, and J. S. Speck.
In situ GaN decomposition analysis by quadrupole mass spec-
trometry and reflection high-energy electron diffraction. Journal
of Applied Physics, 104(3):033541, 2008. doi:10.1063/1.2968442.
37R. S. Kajen, L. K. Bera, H. R. Tan, S. B. Dolmanan, Z. W.
Cheong, and S. Tripathy. Formation of ni diffusion-induced sur-
face traps in gan/alxga1−xn/gan heterostructures on silicon sub-
strate during gate metal deposition. J. Electron. Mater., 45(1):
493, 2016. doi:10.1007/s11664-015-4135-4.
38Nobuo Itoh and Keiichi Okamoto. A new technique for crys-
tallographic characterization of heteroepitaxial crystal films.
Journal of Applied Physics, 63(5):1486–1493, mar 1988. doi:
10.1063/1.339930.
1Supplemental Materials: Plasma-assisted molecular beam epitaxy of NiO on
GaN(00.1)
S1 Electron Backscatter Diffraction
In EBSD measurements, the crystal orientation can be mapped over the sample surface. Fig. SS1(a) shows an in-plane
orientation map obtained by an automatic indexing of the Kikuchi patterns for the NiO film grown at 300 ◦C with a
step size of 20 nm. However, the Kikuchi patterns are recorded with a reduced resolution to speed up the acquisition
of such a map, which prevents a drift of the sample during the measurement. Therefore, patterns with common bands,
as it is the case for twin orientations, might be harder to distinguish. The map contains grains with diameters of up
to about 500 nm. White pixels were misindexed with different orientations due to a low pattern quality. Overall, the
blue orientation shows a higher occurrence and also exhibits larger grain sizes than the red orientation. However, for
the small grain sizes evidenced by TEM, the Kikuchi patterns can consist of a superposition of both twin orientations,
where the automatic indexing procedure will decide for one of the two contained orientations. Indeed, the average
confidence index for the map is only 0.09, which confirms that the algorithms decision for on of the twin orientations
is quite ambiguous. The algorithm decides between several possible orientations by a voting mechanism and such a
low confidence index (CI) indicates that two possible orientations received a similar number of votes (V1 and V2), as
CI = (V1 − V2)/Vmax . In consequence, EBSD is able to confirm the presence of the two in-plane orientations, but the
average grain size is below the limit to reliably map the distribution of the twin orientations of the NiO film by this
technique.
S2 Transmission Electron Microscopy
The HRTEM images of S100 and S500* (grown at 500 ◦C without an initial Ni deposition) show no indication of
a Ga2O3 interlayer. The strain maps for both samples are also shown in Fig. SS2, showing a distinct dislocation
network. The lower periodicity of the dislocation network in S100 could indicate lattice match epitaxy (LME). A
higher periodicity, on the other hand, as found in Fig. 8 for S700 underlines domain matching epitaxy (DME).
However, this effect can also be attributed to distortion relaxations which can occure at the surface and vary locally.
Accordingly, as already suggested by the different strains, a change from LME to DME with higher temperature is
possible, but no clear conclusions can be drawn from our results.
Figure S1. (a) Map of the in-plane orientation obtained from EBSD measurements with a step size of 20 nm. The red and
blue domains correspond to the two twin orientations rotated by 60◦. The white pixels were misindexed due to a low pattern
quality. (b) Examples of the respective Kikuchi patterns for the two domains and (c) indexed Kikuchi patterns as shown in the
main manuscript.
2Figure S2. The strain maps and corresponding HRTEM images of the samples S100 (GaN[11.0] projection) and S500* (GaN[11.0]
projection). The white dotted lines are a guide for the eye and indicate the interface between substrate and NiO layer.
